Inhibitory regulators of apoptosis play a critical role in the responsiveness of tumour cells to cytotoxic agents. The X-linked inhibitor of apoptosis protein (XIAP) is a member of a novel family of Inhibitor of Apoptosis (IAP) proteins. Here we show that acute low dose ionizing irradiation results in the translational upregulation of XIAP that correlates with an increased resistance to radiation in non-small cell lung carcinoma. This upregulation is mediated by an internal ribosome binding mechanism via an IRES element located within a XIAP 5' UTR. Transient overexpression of XIAP rendered human carcinoma cells resistant to low dose g-irradiation. By contrast, the antisense targeting of XIAP resulted in increased cell death following irradiation advocating a distinct role for XIAP in radiation resistant phenotype of human cancers. Oncogene (2000) 19, 4174 ± 4177.
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Radiation therapy has become a foremost choice of treatment for a majority of cancer patients. This wide use of radiation treatment stems from the ability of irradiation to induce irreversible damage in targeted cells with the preservation of normal tissue function. The mechanism by which ionizing radiation results in cell death was traditionally thought to be the induction of both single-and double-stranded breaks in DNA, as well as damage to the cell membrane which could lead to the activation of downstream pathways that contribute to cell death (Jonathan et al., 1999) . However, there is growing experimental evidence suggesting that ionizing radiation triggers the intrinsic cellular death machinery in cancer cells (reviewed in Jonathan et al., 1999; Zhivotovsky et al., 1999) . Therefore, the activation of programmed cell death seems to be the principal mode by which cancer cells die following exposure to various chemotherapeutic agents and ionizing radiation (Bold et al., 1997) . Programmed cell death, apoptosis, is a highly speci®c and ordered process that results in cell death through the activation of conserved pathways leading to characteristic cellular changes. Apoptosis plays a critical role in regulating normal cell turnover during embryogenesis and proper tissue homeostatis as well as during viral infections (White, 1996) . Signi®cantly, the control of apoptosis is disrupted in many tumour cells suggesting the key role of apoptosis in oncogenic transformation (Naik et al., 1996) . Disruption of apoptosis is considered to be an important step in the initiation of the tumorigenic process because cells with damaged DNA would normally be eliminated by apoptosis (Jaattela, 1999) . Furthermore, dysregulated apoptosis contributes to enhanced tumour progression and metastasis and renders cancer cells resistant to various forms of therapy (Reed, 1999) .
We study a novel group of intrinsic antiapoptotic proteins, the Inhibitor of Apoptosis (IAP) family (Liston et al., 1996) . The IAPs are an evolutionary conserved family of genes that are involved in the regulation of apoptosis. The emerging role for IAPs in cancer has been suggested recently (LaCasse et al., 1998) . One member of the IAP family, called survivin, is expressed in normal human tissues only during development. However, it is overexpressed in most transformed cell lines and tumour samples tested to date (Ambrosini et al., 1997) . Furthermore, increased levels of survivin inversely correlated with survival rates in patients with neuroblastoma (Adida et al., 1998) and colorectal cancers (Kawasaki et al., 1998; Lu et al., 1998) . Recently, HIAP1 (c-IAP2, MIHC, API2) was linked with the t(11;18) translocation that is the key genetic lesion found in about 50% of mucosaassociated lymphoid tissue (MALT) lymphomas (Dierlamm et al., 1999) . Little is known, however, about the status of other IAP genes in tumours and cancer cell lines.
We observed that four carcinoma cell lines (non small lung cell carinomas H661 and H460, squamous lung carcinoma H520, and ovary adenocarcinoma SKOV3) exhibit dierent levels of resistance to acute g-irradiation (Figure 1a) . Notably, the H661 cell line was several times more resistant to g-irradiation than other cell lines. We wished to examine if the transient overexpression of XIAP could protect the more sensitive cells from radiation-induced cell death. To test this hypothesis we transfected all four cell lines with either the expression plasmid pCI-IRES.XIAP (Holcik et al., 1999) which is capable of producing signi®cant amounts of XIAP protein, or a control lacZ expressing plasmid. As expected, transient overexpression of XIAP increased resistance to radiation of all four cell lines at all doses tested ( Figure 1b) while transfection with the lacZ expressing plasmid had no eect. It is noteworthy that the radiation pro®le of the resistant cell line H661 changed less signi®cantly following the overexpression of XIAP. This suggests that the intrinsic cellular levels of XIAP may be sucient to confer a relatively high level of radiation resistance of this cell line and any further increase in the amount of XIAP protein cannot oer greater protection from radiation induced damage leading to cell death (see also below). We therefore hypothesized that lowering the endogenous levels of XIAP in the resistant H661 cell line should result in decreased resistance to radiation induced cell death. To this end, the H661 cells were either infected with an adenoviral construct producing XIAP cDNA in the antisense orientation, or the control, lacZ expressing vector. The expression of antisense XIAP cDNA resulted in a marked reduction of XIAP protein when compared to lacZ infected cells (Figure 2, inset) . Signi®cantly, this antisense-mediated downregulation of XIAP expression resulted in an increased sensitivity of H661 to girradiation (Figure 2 ). The downregulation of XIAP did not have any adverse eect on the viability of untreated cells (not shown) suggesting that lowering levels of XIAP is inconsequential during normal cellular proliferation. In contrast, however, cell survival is strongly dependent on the presence of the inhibitor of apoptosis XIAP following the g-irradiation insult. XIAP antisense targeting in sensitive cell lines (H460, H520, and SKOV3) had little or no eect on their radiation resistance pro®les (data not shown). These results suggest that XIAP is an important survival factor in radiation induced cell death.
We have shown previously that the expression of XIAP is controlled at the level of protein translation via a unique IRES (Internal Ribosome Entry Site) sequence located in the XIAP 5' UTR (untranslated region) (Holcik et al., 1999) . Furthermore, IRESmediated translation is cap-independent and therefore resistant to general protein synthesis shut o during various cellular stresses including irradiation (Holcik et al., 1999) . We observed that the basal levels of XIAP protein are similar in all cell lines. In contrast, XIAP protein is upregulated by acute g-irradiation in H661, but not in the H520, H460, or SKOV3 cell lines (Figure 3a and Holcik et al., 1999) . We therefore Figure 1 The eect of XIAP expression on radiation resistance. (a) Dose response curves of four dierent human carcinoma cell lines following acute g-irradiation were assessed by standard clonogenic assays. Exponentially growing cells were seeded into cell culture¯asks in RMPI medium supplemented with 10% foetal calf serum (FCS) and antibiotics and were allowed to attach for 12 h. The cells were then exposed to indicated doses of acute g-irradiation. The irradiated cells were then incubated for 7 ± 14 days, ®xed in 10% PFA (in PBS) and visualized by staining with crystal violet. Bars represent the percentage of surviving cells+s.d. of three independent experiments (*P50.05, **P50.01 (One Way ANOVA)). (b) Exponentially growing cells were transiently transfected with plasmid pCI-IRES.XIAP or pCIlacZ. Transient DNA transfections were done using Lipofectamine Plus (GIBCO-BRL) and the procedure recommended by the manufacturer. Brie¯y, cells were seeded at a density of 3610 5 per 35 mm well and transfected 24 h later in serum-free OPTI-MEM medium with 2 mg of DNA, 6 ml of the Plus Reagent and 4 ml of Lipofectamine per well. The transfection mixture was replaced 3 h later with RPMI supplemented with 10% FCS. The cells were allowed to recover for 12 h and were then irradiated with reasoned that the dierences between cell lines in their ability to upregulate XIAP following g-irradiation could be due to acquired mutation(s) within the critical IRES element. This mutation(s) could then either enhance the IRES activity (e.g. H661) or could result in suppression of the IRES activity following girradiation (e.g. H460, H520, SKOV3). Nucleotide sequencing of the XIAP IRES element of several dierent cell lines from the NCI Cancer Cell Lines Panel (H661, H460, H520, SKOV3 , HeLa, 293T, K562, MOLT4, RPMI-8226, SW620, SF539, UACC62, HCC2998, EKVX) and three dierent human DNA samples, however, showed no changes in the DNA sequence of the IRES element (data not shown). Alternatively, it is possible that the cellular protein machinery involved in the modulation of IRESmediated translation of XIAP is altered in dierent cell lines. To test this hypothesis we used the bicistronic construct pbgal/hUTR/CAT (Holcik et al., 1999) . In this construct the translation of the second, downstream reporter gene (CAT) is under the control of the XIAP IRES element, while the ®rst, upstream reporter gene (b-gal) is translated by ribosome scanning. Both reporter genes are transcribed from the CMV promoter as one bi-cistronic mRNA thus allowing normalization of CAT activity for transfection eciency in each experiment and between dierent cell lines. The translation of the second reporter gene (CAT) is proportional to the activity of the IRES element. Furthermore, the translation of the ®rst reporter, b-gal, is cap-dependent while the translation of the second reporter, CAT, is IRES-dependent (and therefore cap-independent). The plasmid pbgal/hUTR/ CAT was transfected into H661, H520, H460, and SKOV3 cells and the activity of b-gal and CAT reporter genes was determined following 1Gy irradiation. The expression level of CAT was signi®cantly increased in H661 cells but not in H520, H460 or SKOV3 cell lines (Figure 3b) . Signi®cantly, the changes in the CAT levels paralleled those observed for the endogenous XIAP protein following irradiation ( Figure  3a) . Although the IRES-mediated translation of XIAP was not enhanced in H520, H460 or SKOV3 cell lines, g-irradiation did not inhibit the basal levels of IRES translation, either. These results suggest that in nonirradiated cells the basal levels of XIAP translation are similar in all four cell lines. In contrast, the capacity of the H661 cell line to upregulate XIAP following girradiation is likely due to the dierent potential of the cellular proteins involved in the IRES-mediated translation when compared to other cell lines tested. IRES-mediated translation has been described for a group of RNA viruses and, more recently, for a small number of cellular mRNAs (reviewed in van der Velden and Thomas, 1999) . The subset of cellular proteins involved in the translation of cellular mRNAs with an IRES element is, however, poorly understood. The interesting question is what is the default status of IRES translation following g-irradiation. Only one of the four cell lines tested showed enhanced IRES translation following g-irradiation suggesting that the H661 cells are not representative of the common case. Our results indicate, however, that this dierence results in an increase of XIAP protein levels which, in turn, correlated with enhanced cell survival and resistance to radiation.
Clinical radiation therapy is based on the concept of delivering g-irradiation in multiple small-dose fractions to substantially increase the eectiveness of the therapy and reduce harmful side eects (Withers, 1999) . Our results suggest that this low dose irradiation could result in an adaptive response by increasing levels of intrinsic cellular antiapoptotic proteins, such as XIAP. Indeed, the major practical problem associated with radiation treatment is the failure of radiotherapy due ) and harvested 24 h post-irradiation in cold PBS. The cell extracts were prepared by the freeze-thaw method as described (MacGregor et al., 1991) . b-galactosidase enzymatic activity in cell extracts was determined by spectrophotometric assay using ONPG (MacGregor et al., 1991) . CAT activity was determined by a liquid scintillation method as described (Seed and Sheen, 1988) . Relative CAT activity was calculated by normalizing with b-gal activity. Expression of the CAT reporter in each cell line without treatment was set as 100%. Bars represent the average+s.d. of three independent transfections (*P50. 05 (t-test)) to arising tumour radioresistance (Zhivotovsky et al., 1999) . Recent data demonstrated that ionizing radiation impairs the apoptotic response of glioma cells to cisplatin chemotherapy (Yount et al., 1998) . The mechanism for this radiation induced resistance to apoptosis is unknown but it was proposed to be an upregulation of an apoptosis inhibitor(s), such as the Bcl-2 gene or the survival transcription factor NF-kB (Yount et al., 1998) . We have shown here that low dose acute irradiation results in the translational upregulation of the anti-apoptotic protein XIAP in large cell lung carcinoma H661 cells via a unique IRES-mediated mechanism. The upregulation of XIAP either by increased translation of the endogenous XIAP in response to g-irradiation or by the transient overexpression from a recombinant expression vector resulted in increased radiation resistance and enhanced cell survival. Further, the antisense downregulation of XIAP led to a dramatic decrease in resistance to radiation induced cell death. While the antisense downregulation of XIAP by itself did not induce cell death it sensitized these cells to low dose g-irradiation. This suggests that the combination of antisense targeting of XIAP activity with traditional radiation therapy could result in an improved eectiveness of cancer therapy and could prevent the emergence of tumour radioresistance. Finally, sensitization of cancer cells by antisense XIAP would allow the use of considerably lower radiation doses thus minimizing the negative impact of the radiation treatment on normal tissues making XIAP, and perhaps other IAPs, an attractive therapeutic target.
